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Gene expression has to withstand stochastic, envi-
ronmental, and genomic perturbations. For example,
in the latter case, 0.5%–1% of the human genome is
typically variable between any two unrelated individ-
uals. Such diversity might create problematic vari-
ability in the activity of gene regulatory networks
and, ultimately, in cell behaviors. Using multigenera-
tional selection experiments, we find that for the
Drosophila proneural network, the effect of genomic
diversity is dampened by miR-9a-mediated regula-
tion of senseless expression. Reducing miR-9a regu-
lation of the Senseless transcription factor frees the
genomic landscape to exert greater phenotypic influ-
ence.Whole-genome sequencing identified genomic
loci that potentially exert such effects. A larger set of
sequence variants, including variants within proneu-
ral network genes, exhibits these characteristics
when miR-9a concentration is reduced. These find-
ings reveal that microRNA-target interactions may
be a key mechanism by which the impact of genomic
diversity on cell behavior is dampened.
INTRODUCTION
A central goal in biology and medicine is to understand the rela-
tionship between an individual’s genome and his/her disease
susceptibility. An individual typically carries loss-of-function
alleles in about 300 genes, and 15%–30% of these are classified
as causing inherited disorders (1000 Genomes Project Con-
sortium et al., 2010). Unrelated individuals typically have
genomes that differ from one another by approximately 0.5%–
1.0% with respect to copy number and sequence, any of which
might cause alterations in traits, ranging from physical charac-1556 Cell 155, 1556–1567, December 19, 2013 ª2013 Elsevier Inc.teristics to disease susceptibility (Conrad et al., 2010; Frazer
et al., 2009). The relationship between an individual’s genome
and his or her phenome is highly complex, and the mechanisms
that regulate the relationship are poorly understood (Gibson and
Wagner, 2000).
Although it has been hypothesized that mechanisms exist to
actively repress the impact of genomic variation on phenotypic
outcome (de Visser et al., 2003; Gibson and Dworkin, 2004;
Hornstein and Shomron, 2006; Masel and Siegal, 2009), these
have for the most part remained a mystery. Such mechanisms
could have profound effects on the contributions that genome
variation makes to disease susceptibility. Moreover, impairment
of these mechanisms might increase disease risk by elevating
the impact of existing genomic variation, making their identifica-
tion of high interest and significance.
Because genomic variation likely has its most primary effect
on gene expression, we hypothesized that counteracting mech-
anismsmight operate at this level.We have focused our attention
on microRNAs (miRNAs) as potential mediators of such mecha-
nisms. They are well suited to potentially dampen the impact of
genomic variation because they regulate a majority of protein-
coding genes via posttranscriptional repression (Bartel, 2009).
They are common components of negative feedback and feed-
forward regulatory motifs with their gene targets (Ebert and
Sharp, 2012; Tsang et al., 2007). These motifs can confer
homeostasis to target protein levels, thereby buffering variation
in upstream processes such as chromatin dynamics, transcrip-
tion, and splicing. miRNAs exert modest repression on their tar-
gets, but they act rapidly to change protein synthesis (Carthew
and Sontheimer, 2009). This restrained yet rapid action makes
them particularly effective for regulating homeostasis. When
any significant drift from the desired steady state of a target
protein leads to pathological consequences, miRNAs may coun-
teract such outcomes.
The links between human disease and miRNAs are extensive
(Mendell and Olson, 2012). However, these links by themselves
offer no evidence that any of the connections are due to
desuppression of genomic variation. A controlled experimental
approach in a model system must be applied to determine
whether such connections are possible. As a proof of principle,
we have performed experiments to measure the impact of
miRNAs on buffering genomic diversity. We chose to use
Drosophila because its mechanism of miRNA regulation is highly
conserved with humans (Carthew and Sontheimer, 2009). More-
over, many miRNAs are conserved between the two species,
including the miRNAs we have studied (Christodoulou et al.,
2010). We chose a nonpathological phenotypic outcome that
occurs robustly and quantitatively to allow for sensitive detection
of variation. To measure the impact of miRNAs on buffering
genomicdiversity,weperformedmultigenerationselectionexper-
iments.We show how the interaction between themiR-9amiRNA
and its target gene called senseless (sens) canmake a cell pheno-
typemore resistant togenomic variation.Weusedwhole-genome
sequencing to identify candidate variants that have affected the
phenotype. When miR-9a concentration is reduced, a broader
group of variants appears to influence the phenotype. Thus, we
have established a precedent for miRNAs to act in a mechanism
that counteracts variation between different individual genomes.
RESULTS
Sens Regulation by miR-9a Generates Robustness
Determination of sensory cell fate is controlled by a network of
regulatory factors in Drosophila (Figure 1A). The core circuit
comprises three transcription factors required for the fate switch:
Achaete (Ac), Scute (Sc), and Sens (Quan and Hassan, 2005). A
subset of ectodermal cells is endowed with a combination of
signaling inputs and transcription factors such that ac and sc
transcription is established. Ac and Sc are bHLH proteins that
form heterodimers with Daughterless (Da) and activate transcrip-
tion of target genes. One of these target genes encodes Sens,
which feeds back to regulate transcription of the ac and sc genes
(Nolo et al., 2000). The switch to a sensory cell fate depends on
amplification of subtle initial differences in these transcription
factors between putative precursor cells leading to a binary
switch in fate (Acar et al., 2006; Jafar-Nejad et al., 2003). Ampli-
fication of these differences is achieved by coupling of positive
feedback with lateral inhibition (Quan and Hassan, 2005).
The precision of the fate switch is influenced by miR-9a and its
interaction with sens. Loss of miR-9a results in more variable for-
mation of sensory organs on the adult scutellum (Li et al., 2006)
(Figure 1B; Table S1 available online). This effect is suppressed
by reducing the expression of sens, suggesting that fate preci-
sion requires sens regulation (Figure 1C). There are two
conserved binding sites for miR-9a in the 30 UTR of the sens tran-
script (Figure 1D), and miR-9a can inhibit sens gene expression
in cell culture (Li et al., 2006). To more fully probe the interaction
between miR-9a and sens in vivo, we incorporated a single copy
of the sens gene into a transgenic landing site on chromosome II.
The transgene contained all known endogenous sens regulatory
regions, and thus, its protein expression pattern was identical to
the endogenous sens pattern (data not shown). Moreover, the
transgene rescued the loss of the endogenous sens gene. We
also generated sens transgenes with one or both miR-9a binding
sites mutated within the 30 UTR. We compared the effects ofCeach transgene on scutellar sensory organ (SSO) fate when the
endogenous sens gene was absent. The sens transgenes with
mutated miR-9a binding sites showed increased variability in
SSO fate (Figure 1E), similar to what was observed when miR-
9a was lost. However, the mutated transgenes did not further in-
crease fate variability when miR-9a was absent (Figure 1F). This
result argues that the binding sites exclusively mediate the
effects of miR-9a on reducing fate variability. To further test
this, we reduced miR-9a copy number in individuals who had
two copies of the sens transgene in addition to the endogenous
sens gene. This increased SSO number when the sens transgene
was fully wild-type but had no significant effect on SSO number
when both miR-9a binding sites were mutated (Figure 1G). The
sens transgenes with only one mutated site had greater SSO
numbers when miR-9a copy number was reduced, suggesting
that both sites mediate miR-9a regulation of sens. In summary,
miR-9a regulation of sens generates a robust outcome and sup-
presses noise in SSO fate determination.
How this occurs must be considered within the broader
context of miRNA regulation. Modeling and experimental anal-
ysis indicates that a simple miRNA-target interaction can create
a threshold in the relationship between target mRNA and protein
synthesis (Mukherji et al., 2011). Below the transcription
threshold, protein synthesis is silenced by the miRNA; above
the threshold, protein output becomes highly sensitive to
transcription (Figure 1H). Because miRNA is titrated away by
an increasing number of transcripts, repression is weakened
until protein output becomes sensitive to transcription. In this
context, miR-9a might create a threshold for Sens protein output
such that variable sens transcription is prevented from inappro-
priately triggering the positive feedback circuit (Figure 1A).
Robust Response to Temperature Variation Requires
Sens Regulation by miR-9a
Network stability during development could be due to buffer-
ing of stochastic events, environmental variation, underlying
genomic variation, or some combination of the three (Fe´lix,
2012). We first considered the impact of miR-9a-regulated
sens on environmental variation. For this, we sought to sensitize
the fate switch to temperature because under normal conditions,
physiological temperatures between 18C and 29C have little
effect. In a sc1 genetic background, temperature has a quantifi-
able effect on fate even though sc1 does not alter the Sc protein
sequence (Campuzano et al., 1986; Sheldon, 1968). The proba-
bility of SSO fate is inversely proportional to temperature (Fig-
ure 2A). We constructed four sc1 strains, each strain replacing
the endogenous sens gene with a sens genomic rescue trans-
gene. One strain had the transgene with intact miR-9a binding
sites, two strains had one or the other miR-9a binding site intact,
and one strain had neither binding site intact. Progressive loss of
miR-9a binding sites caused a progressive enhancement of the
temperature effect on SSO fate (Figure 2B; Table S2). We also
altered the regulatory circuit in a different way. We reduced the
copy number of the miR-9a gene from two to one and saw a
similar enhancement of the temperature effect on SSO fate (Fig-
ure 2C; Table S3). This behavior shows the importance of sens
regulation by miR-9a on the robustness of the cell fate switch
against variation in temperature.ell 155, 1556–1567, December 19, 2013 ª2013 Elsevier Inc. 1557
Figure 1. Sens Regulation by miR-9a Affects Precision of the Sensory Cell Fate Switch
(A) The sensory organ network is shown. Signaling factors are in brown, transcription factors are in blue, protein modifiers are in green, and miRNAs are in red.
(B) SSO number (left) and variation (right) as a function of miR-9a are shown.
(C) SSO number (left) and variation (right) in a miR-9a null mutant that has either one or two copies of the wild-type sens gene are shown.
(D) Predicted binding sites for miR-9a in the sens 30 UTR based on base pairing and conservation are shown. Red highlights Watson-Crick pairing, and brown
highlights wobble pairing.
(E) SSO number (left) and variation (right) as a function of the sens transgene are shown. Each individual had two copies of the sens transgene, and its endogenous
sens gene was nullified by mutation. The miR-9a binding sites are mutated at site 1 (m1), site 2 (m2), or both sites (m1m2). p values are shown for differences
between mutant and wild-type transgenes.
(F) SSO number (left) and variation (right) in miR-9a null mutants that also contained either wild-type or mutant sens transgenes, as indicated, are shown.
(G) SSO number in individuals with one or two copies of the miR-9a gene and that also contained either wild-type or mutant sens transgenes, as indicated, is
shown. Individuals with the sens-m1 or sens-m2 transgene showed ectopic SSOswhenmiR-9a gene copy number was reduced to one. Because sens could only
be regulated bymiR-9a through site 1 or 2 in these individuals, it argues thatmiR-9a can act through either site. Individuals with the sens-m1m2 transgene showed
no ectopic SSOs when miR-9a gene copy number was reduced to one because miR-9a could not act when both sites were impaired.
(H) Hypothetical mechanism for gene regulation by a miRNA is shown. Nonlinear protein output from gene transcripts under the regulation of a miRNA will
generate a threshold (purple), below which output is insensitive to fluctuations in transcript concentration (brown). Above the threshold, output is fully responsive
to transcript concentration. Such thresholding when coupled to feedback will create switch-like behavior in regulatory networks.
For all figure plots, SE is shown, and significant p values shown are from two-tailed Student’s t tests. p values not shown were not significant (p > 0.05). See also
Table S1.
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Figure 2. Regulation of sens by miR-9a Generates Temperature
Robustness to the SSO Fate
(A) Temperature dependence of SSO fate in a sc1 background is shown.
(B) Mutation of site 1 (m1), site 2 (m2), or both sites in the sens transgene in
a sc1 background enhances the temperature dependence of SSO fate to
different extents. Error bars are SEs. To the right is an ANOVA showing tem-
perature, sens genotype, and interaction effects.
(C) Reduction ofmiR-9a copy number enhances the temperature dependence
of SSO fate in a sc1 background. Error bars are corrected SEs. To the right is an
ANOVA showing temperature, miR-9a genotype, and interaction effects. The
miR-9a gene inhibited SSO formation at low temperature and promoted it at
high temperature. Possibly, at low temperature, the rate-limiting step to form
an SSO directly involves Sens. At high temperature, the rate-limiting step may
shift to another node in the network, that inhibits SSO determination. Sens
activation of this node would then describe the results.
See also Figure S5, and Tables S1, S2, S3, and S4.Response to Genomic Diversity Requires Sens
Regulation by miR-9a
We next focused on the importance of the miR-9a/Sens regula-
tory circuit on buffering genomic diversity. Almost 4% of sites
in the genome have single-nucleotide variation in outbred
D. melanogaster populations (Mackay et al., 2012). Similar vari-
ation is observed in the genomes of other animal species (1000
Genomes Project Consortium et al., 2010). Typically, multiple
unlinked variants act in combination to modify developmental,
physiological, and disease outcomes (Frazer et al., 2009).
Genome-wide association studies of individuals or selection
studies of populations are used to detect variants of this type.
The impact of genetic variation on Drosophila SSO formation
has been under investigation since 1959, making it an ideal
model for this sort of analysis (Rendel, 1959). In a sensitized
sc1 background, animals subjected to selection for the highest
number of SSOs transmit a heritable tendency for their off-Cspring to have more SSOs (Rendel, 1959). When selection is
repeated generation after generation, the population progres-
sively evolves, and the rate of evolution is a measure of the
contribution that genomic diversity has on the variation in SSO
fate. A low rate is seen when genomic diversity has little impact
on outcome variation, whereas a high rate is seen when diversity
strongly affects variation in the cell fate switch.
To probe the relationship between genomic diversity and
miR-9 regulation, we used sc1 strains with one copy of the
sens transgene (Figures S1 and S2; Table S1). The transgene
had either intact or disrupted miR-9a binding sites in its
30 UTR. The animals also contained their normal copies of sens
on chromosome III. We maintained replicate populations of
individuals of well-defined number at uniform temperature to
minimize the effects of population size and temperature on fate
variation (Sheldon, 1968). We selected individuals who had the
highest number of SSOs (above the 50th percentile) and allowed
these individuals to produce the next generation. This selection
was repeated for several generations on the four replicate pop-
ulations in each strain.
Realized heritability (h2) measures the proportion of total vari-
ation in outcome that is attributable to the effects of the genome
(Falconer and Mackay, 1996). A maximal h2 value of one would
occur if genomic diversity perfectly dictated the observed varia-
tion in outcome. An h2 of zero occurs when no genomic compo-
nent affects the variation in outcome. In our case, h2 is then a
measure of the impact of genomic diversity on variation in SSO
fate. We quantified the cumulative response in SSO fate as a
function of the cumulative selection pressure over five genera-
tions of selection. The response was proportional to the selec-
tion pressure, and the slope of the fitted regression line, h2,
was a constant (Figure 3A). We found that h2 was dependent
on the integrity of miR-9a binding sites in the sens transgene.
Higher h2 values were reproducibly observed when miR-9a
binding sites were disrupted (Figure 3B). Assuming a uniform
genomic landscape between experimental strains at the experi-
ment’s beginning, this result implies that sens regulation by
miR-9a suppresses the impact of genomic diversity on the
observed variation in SSO fate.
We could not confirm or disprove the assumption of uniform
starting landscapes in our experiment because each trans-
gene was incorporated into a unique founder individual from
a common population. Therefore, we sought to measure h2 in
strains with different concentrations of miR-9a. We constructed
two new strains: one containing the normal miR-9a gene copy
number of two, and the other containing a single gene copy
(Figures S1 and S3). Each strain was carefully introgressed
with the other to ensure that the genomic landscape of each
was well matched except for the region encompassing the
miR-9a gene.
Replicate populations for each strain were then independently
subjected to selection for individuals with the highest number of
SSOs to sire the next generation. Selection was repeated for 15
generations, generating a response in SSO fate that was propor-
tional to selection pressure (Figures 3C and 3D). The strain with a
singlemiR-9a copy had the expected effect, causing an increase
in h2 compared to the situation with two copies of miR-9a
(Figure 3E). The ability of two different perturbations (miR-9aell 155, 1556–1567, December 19, 2013 ª2013 Elsevier Inc. 1559
Figure 3. Variation in SSO Fate Caused by
Genomic Diversity Is Suppressed bymiR-9a
(A) Response of SSO fate to cumulative selection
in a sc1 background is shown. Strains carried sens,
sens-m1, sens-m2, and sens-m1m2 transgenes,
as indicated. Each strain has four replicate pop-
ulations, which are plotted together. The slopes of
the weighted least-squares regression lines are a
measure of the h2.
(B) h2 of SSO fate within populations that contain
one copy of a sens transgene during selection is
shown. Significant p values shown are from a
Z test. SEs are shown as error bars.
(C) Response of SSO fate to cumulative selection
in a sc1 background with two copies of themiR-9a
gene is shown. Replicates 1 and 2 are treated
separately from replicates 3 and 4. The slopes of
the regression lines are measures of h2.
(D) Response of SSO fate to cumulative selection
in a sc1 background with one copy of the miR-9a
gene is shown. Replicates 1 and 2 had a stronger
response to selection than the other two repli-
cates, as determined by multiple regression anal-
ysis, and thus are treated separately.
(E) h2 of SSO fate within replicate populations
undergoing selection that contained either one or
two copies of miR-9a during selection is shown.
p values shown are from Z tests to matched rep-
licates. SEs are shown as error bars. See also
Figures S1, S2, S3, and S4 and Table S1.concentration and deregulation of the miR-9a target sens) to
elicit the same effect on h2 is strong evidence that miR-9a regu-
lation of sens is important for buffering the impact of genomic
diversity on variation in SSO fate.
To test the generality of this miRNA effect on the genome, we
collected data for another miRNA called miR-7. A set of miR-7
targets encodes for E(spl) transcription factors that repress ac
and sc transcription (Lai et al., 2005) and, therefore, inhibit the
cell fate switch (Figure 1A). We reduced the copy number of
the miR-7 gene in a sensitized sc1 background (Figures S1 and
S4), which impaired the cell fate switch as predicted (Figure S5A).
The strains with one or two copies of miR-7 were subjected to
selection for individuals with the greatest number of SSOs. After
15 generations, the heritable response to selection was quanti-
fied as a function of the cumulative selection pressure (Figures
S5B and S5C). In these strains, h2 was not significantly different
from each other (p = 0.101, Z test). We also grew the two strains
at different temperatures, andwe found that the effect of temper-
ature on SSO fate was unchanged whether one or two copies of
themiR-7 gene were present (Figure S5D; Table S4). This lack of
an effect on temperature- and genome-induced variation high-
lights the specificity of miR-9a on these processes for the cell
fate switch.1560 Cell 155, 1556–1567, December 19, 2013 ª2013 Elsevier Inc.Diversity at Several Genomic Loci
Affects the Cell Fate Switch
A heritable response to selection is pre-
dicted to occur when the genomic land-
scape of a population changes from its
initial state during the selection process.Guided by this prediction, we sought to identify those changes
in the genome that occurred during the miR-9a selection exper-
iment. We applied shotgun sequencing to pooled genomes
sampled before and after the selection experiment (Figure S6A;
Table S5). As a further control, we also sequenced genomes
from populations that had been randomly selected for 15
generations in parallel with the experimental groups. We
achieved a minimum average coverage of 29 reads per genomic
site per strain, allowing for variant identification with a maximum
false discovery rate of 2% (Table S5). Across all strains and
conditions, we identified 730,479 variants (SNPs and indels)
in 120.4 Mb of sequence (an average of 6.1 variants per kb of
genome).
The genomic landscape of a population is determined by the
distribution of variants and the allele frequency for each variant.
We measured the allele frequencies for all variants, in a given
strain and state of selection. Importantly, the allele frequency
distributions between one- and two-copy miR-9a strains before
selection were highly similar (Figure S6B). Coupled with the
observation that the number of variants was comparable
between the two strains (Table S5), this observation confirmed
that genomic diversity in the one- and two-copy strains was
similar prior to selection.
For each variant, we calculated the difference in allele fre-
quency between the selected and randomly selected groups.
We plotted these allele frequency differences for all variants in
both replicate populations (Figures 4A and 4B). Most variants
had a propensity to modestly change allele frequency in a
manner that was not necessarily repeated in replicate popula-
tions. These variants were presumably changing because of
random genetic drift in each population. However, a small frac-
tion of variants (0.1%–0.2%) showed stronger allele frequency
change repeatedly in replicate populations. The intensity and
reproducibility of these changes suggest that they possibly
occurred because of selection. This type of change was
observed in strains with either one or two copies of the miR-9a
gene (Figures 4A–4C). The reproducible responses may be
regarded as a single realization in a large space of possible
changes in the genomic landscape.
We focused on the variants that exhibited strong and repro-
ducible changes in allele frequency (Figure 4C). We mapped
these variants to the genome and found that they clustered
into discrete blocks of varying lengths (Figures 4D and 4E). We
expected very few variants on the X chromosome because we
had isogenized this chromosome prior to the experiment (Fig-
ure S1). As predicted, no variant blocks were observed on the
X chromosome. Strains with one or two copies of the miR-9a
gene showed signs that some blocks overlapped between
strains. However, other blocks appeared unique to one strain
or the other.
Positive selection usually leads to diversity reduction in those
variants that are under selective pressure in a population (Weir,
1996). We estimated diversity for each variant and observed
that many of the larger variant blocks had a strong reduction
(>5-fold) in diversity after selection (Figure 4F). Some peaks of
low diversity were shared between the one- and two-copy
miR-9a strains, but strain-specific peaks were also observed.
Positive selection not only affects the diversity of variants under
direct selection but also variants that are linked to them (Smith
and Haigh, 1974). We estimated diversity for all identified vari-
ants in the genome and found highly localized diversity reduction
(Figures 4G, S6C, and S6D). Strikingly, most of these localized
regions overlapped with the larger blocks of variants previously
identified. Therefore, only a limited number of regions in the
genome changed diversity in a manner consistent with a selec-
tion response.
Identification of the variants that promote cell fate switching in
the selected populations is challenging. Within each block in the
genome, there are tens to hundreds of genes. Moreover, only
20%–25% of variants were located in ORFs, and of those, the
majority were silent mutations (Table S5). The selective advan-
tage of an allele that promotes heritable change in the experi-
ment might be difficult to reliably detect if assayed in isolation.
Therefore, we determined which variants that reduced diversity
after selection were located within genes implicated in sensory
organ formation (see Extended Experimental Procedures).
When considering all 1,233 implicated genes (Figure S6E), only
76 genes contained one or more variants that experienced
diversity reduction after selection (Figure 4F). Variants were
significantly enriched in candidate genes (p < 107, binomial
test). Variants in 11 candidate genes experienced diversityCreduction in both one- and two-copy miR-9a strains. One of
these genes provided a potential explanation for the enhanced
fate switching after selection. extra macrochaetae (emc) en-
codes a repressor of Da and thereby inhibits Ac and Sc (Bhatta-
charya and Baker, 2011; Van Doren et al., 1991). The two-copy
miR-9a strain had an additional 24 genes with diversity reduc-
tion, and 1 of these genes encodes the Notch ligand Delta. Strik-
ingly, the one-copy strain had 41 additional genes with diversity
reduction. Several of these genes encode proneural network
factors (Figure 1A). The product of the u-shaped (ush) gene indi-
rectly represses Ac and Sc (Cubadda et al., 1997), Hairless (H)
antagonizes Notch signal transduction and promotes the cell
fate switch (Bang et al., 1995), and charlatan (chn) directly acti-
vates ac/sc transcription (Escudero et al., 2005).
When compared to the strain with two copies of miR-9a, the
one-copy strain had 2.5-fold more variants that experienced
diversity reduction after selection (Figure 4F). The one-copy
strains also exhibited 2- to 3-fold greater h2 (Figure 3E). These
results indicate that when miR-9a concentration was reduced,
a much larger fraction of genomic variation was able to influence
cell fate, causing greater phenotypic variation.
Genomic Landscape Affects the Fate Switch when
miR-9a Regulation of sens Is Impaired
To further test whether the genomic landscape is buffered by
miR-9a-regulated sens, we examined cell fate switching when
sens regulation is impaired in different genomic landscapes.
We placed sens transgenes with mutated miR-9a binding sites
into the genomic landscape created by 15 generations of selec-
tion. This action enhanced the effect of the selected landscape
on cell fate when compared to the randomly selected (nonse-
lected) landscape (Figure 5A). In contrast, placing the wild-type
sens transgene into the selected genomic landscape did not
significantly enhance the landscape’s effect on cell fate. Our
interpretation of these results is that genomic landscape has a
greater impact on the cell fate switch if sens regulation is crippled.
Having determined that sens regulation by miR-9a can buffer
the genome, we tested whether miR-9a concentration plays
some role in this buffering. We constructed eight strains: four
containing one to two copies of the miR-9a gene in an unse-
lected landscape, and four strains containing one to two copies
of miR-9a in a selected landscape. Introduction of the selected
landscape had the expected effect, enhancing the switch in
cell fate. Impaired buffering of this genomic landscape was ex-
pected to occur when miR-9a concentration dropped, and this
was precisely what we observed (Figure 5B). Strains with one
copy of miR-9a were affected by the selected landscape to a
greater extent than strains with two copies of miR-9a.
This concentration dependence was expected to bemediated
by sens. Accordingly, we examined sens expression at the time
of the cell fate switch. The strain with two copies ofmiR-9a had a
normal expression pattern of Sens protein, even in a selected
landscape (Figures 6A and 6B). The strain with one copy showed
ectopic Sens expression that completely depended on the
selected landscape (Figures 6C and 6D). Thus, miR-9a concen-
tration affected the potential for the genomic landscape to pro-
mote Sens expression. Interestingly, the genomic landscape
also affected noise in SSO fate determination (Figure S7). Theell 155, 1556–1567, December 19, 2013 ª2013 Elsevier Inc. 1561
Figure 4. The Genomic Landscape Evolves during Selection in a miR-9a-Dependent Manner
(A–C) Allele frequency difference between selected and randomly selected populations, scatterplotting all genomic variants for two replicate populations, is
shown.
(A) Populations carrying two copies of the miR-9a gene are presented.
(B) Populations carrying one copy of the miR-9a gene are shown.
(C) Merge of the two plots is presented. Outlined are regions that define variants where frequency differences are positively correlated between replicates. A radial
threshold (arrow) called R was set by the magnitude of frequency differences in both replicates. The derivation of R is provided in Supplemental Information.
(legend continued on next page)
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Figure 5. miR-9a Regulation of sens Affects
the Impact of Genomic Landscape
(A) One copy of the sens transgene was
placed into a sc+ genomic landscape in
which one copy of the genome had been shaped
by 15 generations of selection for more SSOs
(Selected). As a control, the transgene was
placed into a sc+ landscape where neither
genome copy had been selected (Nonselected).
Transgenes had either normal or mutated miR-
9a binding sites as indicated. Resulting in-
dividuals were scored for SSOs. Error bars
represent SE. p values are the results of a two-
tailed Student’s t test comparing selected and
nonselected pairs.
(B) Individuals in which both copies of their genomes had been shaped by 15 generations of selection for more SSOs (Selected) or not (Nonselected) are
shown. Resulting sc+ individuals had either one or two copies of themiR-9a gene. These were scored for SSOs. Error bars represent SE. p values are the results
of a two-tailed Student’s t test comparing selected and nonselected pairs. See also Figure S7 and Table S1.selected landscape enhanced SSO variability, suggesting that
the genome variants under selection decanalized the fate switch.
Expression of other factors in the network might also be
affected by miR-9a, albeit indirectly. The transcription factor
Hairy represses ac/sc transcription (Ohsako et al., 1994). In
one replicate population, the strain with one copy of miR-9a
altered its Hairy expression after selection (Figures 6E–6G).
Expression was reduced in nonneurogenic cells, possibly
accounting for some of the enhanced fate determination in this
group.
miR-9a Concentration Affects the Variability of Cell Fate
between Natural Genomic Landscapes
We had tested two genomic landscapes for their sensitivity to
miR-9a. To test many more landscapes for sensitivity, we exam-
ined 32 wild strains of D. melanogaster collected from 13 loca-
tions on five continents (Figure 7A; Table S6). We anticipated
that the genomic landscapes of these geographically isolated
wild strains would be different from one another, and each
strain’s genome would affect SSO fate in a different way. sc1
and miR-9a mutations were crossed into each wild strain, and
serial backcrossing was performed until the recombinant strains
had 95% of their genomes derived from the parental wild strains
but still retained the mutations. sc1 individuals with two copies of
the intact miR-9a gene had an average SSO fate ranging be-
tween 0.9 and 3.5, depending on the recombinant strain (Fig-
ure 7B). sc1 siblings of these individuals carried one copy of
the intact miR-9a gene, and they had an average SSO fate
ranging between 0.3 and 3.4 SSOs, depending on the recombi-
nant strain. For the large majority of recombinant strains, vari-
ability in SSO fate within a strain was greater when individuals(D and E) Genome maps displayed by chromosome show the locations of variant
variant is colored according to the magnitude of frequency difference for both re
(D) The strain carrying two copies of the miR-9a gene is shown.
(E) The strain carrying one copy of the miR-9a gene is shown.
(F) Variants with correlated differences in allele frequencies were analyzed for dive
genomes. Variants from strains with two copies ofmiR-9a are mirror plotted with
formation and contain such variants are listed by their names and locations. In red
black are genes unique to one strain or the other.
(G) Diversity reduction comparing ancestral to selected genomes for all variants
See also Figure S6, and Tables S1 and S5.
Chad one copy of miR-9a (Figure 7C). This result was consistent
with the greater variability seen in the miR-9a mutant lab strain
(Figure 1B).
Each wild recombinant strain had a unique genomic land-
scape potentially capable of affecting SSO fate. We predicted
that variation in SSO fate between strains would be influenced
by the diversity of genomic landscapes between strains. If
miR-9a suppressed the impact of this genomic diversity on the
fate variation between strains, then reduction of miR-9a gene
copy number would increase this variation. This is precisely
what was observed (Figure 7D). There was a 30% increase in
the variation in SSO fate among the 32 recombinant strains
whenmiR-9a copy number was decreased (p = 0.0193, Bennett
log likelihood test). Thus, miR-9a suppresses variation in cell fate
determination that is induced by the variation between different
natural genomic landscapes.
DISCUSSION
An outstanding question is whether cell behaviors are actively
made insensitive to the immense genomic diversity that exists
between individuals (Gibson and Wagner, 2000; de Visser
et al., 2003). Here, we present one mechanism by which this
may be achieved, and we experimentally validate this mecha-
nism in the context of a natural biological system. We show
that the regulation of the transcription factor Sens bymiR-9a ren-
ders cell fate less sensitive to the varied genomic landscapes of
individuals. We explain this effect by the ability of miR-9a to
create a threshold response (Figure 1H) (Cohen et al., 2006).
Because miR-9a creates a threshold concentration of sens tran-
script that must be crossed before cell fate is switched, genomics that show correlated differences in allele frequency between replicates. Each
plicates, as defined by its R value.
rsity. Shown is their fold reduction in diversity comparing ancestral to selected
those from strains with one copy ofmiR-9a. Genes that regulate sensory organ
are genes shared by both strains that contain one or two copies ofmiR-9a. In
mapped to the genome (200 kb bins) is shown.
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Figure 6. Genomic Landscape Affects
Gene Expression in a Manner Dependent
on miR-9a
(A) Schematic shows cells that give rise to sen-
sory organs, including the anterior scutellar cells
(ASCs) and posterior scutellar cells (PSCs) that
form SSOs in an imaginal wing disc.
(B–D) Sens protein expression (green) in ASCs and
PSCs is shown.
(B) An individual with a selected genomic land-
scape and two copies of miR-9a is shown. Of 17
discs examined, 0 had ectopic Sens-positive cells.
(C) An individual with a nonselected genomic
landscape and one copy ofmiR-9a is shown. Of 24
discs examined, 0 had ectopic Sens-positive cells.
(D) An individual with a selected genomic land-
scape and one copy of miR-9a is shown. Arrow
highlights an ectopic Sens-positive cell. Of 20
discs examined, 4 had an ectopic Sens-positive
cell (p < 0.0124).
(E) Schematic shows Hairy protein expression in a
wing imaginal disc. Two stripes of strong expres-
sion are set amidst more ubiquitous low-level
expression.
(F and G) Hairy protein expression (green) is shown.
(F) An individual from one replicate group after selection with two copies of miR-9a is shown.
(G) An individual from one replicate group after selection with one copy of miR-9a is shown.
See also Table S1.variants that perturb sens transcription are rendered ineffective if
the threshold is not passed. If miR-9a is less effective at attenu-
ating sens, then these same variants would be more likely to
trigger the cell fate switch. Several variants were found to affect
genes that regulate sens transcription, and these variants corre-
late with a greater impact on the cell fate switch. The variants that
affect these genes are not likely sufficient to perturb the network
because a constellation of other loci also showed signs of influ-
ence. Each of thesemight have weak and probabilistic effects on
sens transcription, which in combination can potentially perturb
the network. The impact of such probabilistic fluctuations would
be suppressed by the miR-9a-engineered threshold.
We believe that this is the first demonstration of a molecular
mechanism that buffers genomic diversity via gene expression.
Transcription factors have previously been invoked as buffering
agents of genome variation (Gibson and Dworkin, 2004; Siegal
and Bergman, 2002), although how they achieve this is not
known. Their impact onbuffering canbe significant, aswitnessed
in classic selection experiments with the sc1 mutation (Rendel,
1959, 1963). Impaired Ac/Sc activity generates increased h2, a
result that we recapitulated here. Genome buffering can also
occur by posttranslational means that involve protein chaper-
ones (Jarosz and Lindquist, 2010).
Although miRNAs have features that theoretically make them
suitable for buffering, clearly, this function is not generalized to
all miRNAs in all cells. miR-9a shows this function, whereas
miR-7 does not. Yet, both miRNAs are highly conserved from
fly to human, and the tissue specificity of their expression is
also highly conserved (Christodoulou et al., 2010). We propose
that the difference can be found in each miRNA’s target within
the fate switch network. miR-7 indirectly activates ac/sc tran-
scription, and in turn, its transcription is activated by Ac/Sc (Lai1564 Cell 155, 1556–1567, December 19, 2013 ª2013 Elsevier Inc.et al., 2005; Li et al., 2009a) (Figure 1A). Thus, genome-induced
fluctuation of Ac/Sc activity would be amplified and not damp-
ened by miR-7. It could be that miR-7 functions in a nonhomeo-
static way in this particular network.
It is rare for genome variants to have deterministic effects on
outcome, and yet the personal genome is being heralded as a
new instrument for predicting disease risk and prognosis.
Genome variation that correlates with certain outcomes could
become a powerful predictor for prevention and treatment.
However, counteracting this relationship will be buffering mech-
anisms that resemble the one that we have described. The
strength and efficacy of such mechanisms will affect the proba-
bility that certain variants are disease causative.
Buffering mechanisms can also affect the evolution of dis-
eases, in particular cancer. Cancers evolve by clonal expansion,
genome instability, and clonal selection (Greaves and Maley,
2012). We suggest that tumor heterogeneity is not only mani-
fested by clones of cells with distinct genomes (Navin et al.,
2011) but by the variable buffering of these genomes within a
tumor. In support, it has been found that individual tumor cells
from a common genetic lineage are phenotypically heteroge-
neous with respect to growth and responsiveness to therapy
(Kreso et al., 2013). This phenotypic heterogeneity then enables
selection for heritable features that promote cell survival and
growth in the evolving environment of the tumor.
We found that subtle change inmiR-9a copy number had large
effects on buffering genomic diversity. Hence, the fluid variation
in gene copy number, commonly seen in tumor cells (Hanahan
and Weinberg, 2011), might have an impact in ways previously
unforeseen. Moreover, epigenetic variation of gene expression
in tumor cells could have similar consequences. In this regard,
hypermethylation of the human miR-9 promoter is frequently
Figure 7. miR-9a Concentration Modulates
the Impact of Worldwide Genomic Diversity
on SSO Fate
(A) Map shows collection locations for the wild
strains used in the experiment.
(B) Boxplot distributions of average SSO fate in 32
recombinant strains that had been made by in-
trogressing wild strains with sc1 andmiR-9a alleles
are shown. For each strain, sibs with either one or
two copies of the wild-type miR-9a gene were
assayed.
(C) Boxplot distributions of SSO fate variation
among individuals within the 32 recombinant
strains are shown. For each strain, sibs with either
one or two copies of the wild-type miR-9a gene
were assayed. AWilcoxon rank test was applied to
compare the one- and two-copy groups.
(D) SSO fate variation among the 32 recombinant
strains when carrying either one or two copies of
the miR-9a gene is shown. Error bars are 68th
percentile confidence intervals. A Bennett log
likelihood test was applied to compare variation
coefficients for the one- and two-copy groups.
See also Tables S1 and S6.observed in various carcinomas; this leads to reduced expres-
sion of the miRNA (Bandres et al., 2009; Hildebrandt et al.,
2010; Lehmann et al., 2008; Tsai et al., 2011). For renal carci-
noma, the epigenetic modification is associated with increased
risk for recurrence (Hildebrandt et al., 2010). Our results suggest
that reduced miRNA gene expression might affect the ability of
cancer cells to evolve under natural and therapeutic conditions.
In conclusion, we have identified a miRNA that inhibits the
potential for genomic diversity to express itself at the level of a
cell phenotype. Because selection experiments are applicable
to many genes and cell types, our integrated approach should
aid in understanding how genomic diversity is buffered in other
organisms for traits that include disease risk and prognosis.
EXPERIMENTAL PROCEDURES
Genetics
The sc1 allele is a gypsy transposon insertion within an enhancer of the
achaete-scute gene complex on the X chromosome (Campuzano et al.,
1986). The miR-9aJ22 and miR-9aE39 null alleles are gene replacements of
the pre-miR sequence with a mini-white+ gene (Li et al., 2006). The miR-7D1
allele is a deletion of miR-7 resulting from imprecise excision of the white+-
marked EP954 P element (Li and Carthew, 2005). The sensE1 allele is a protein
null EMS mutation (Nolo et al., 2000). The genomic sens transgene P[acman]
construct (18.1 kb gap-repaired fragment sens-L) has been described (Venken
et al., 2006). It was inserted by phiC31-mediated recombination into the VK37
attP landing site on chromosome II (Venken et al., 2006). This transgene was
shown to rescue the sensE1 null mutation. The miR-9a binding sites predicted
by TargetScan and PicTar in the 607 nt sens 30 UTR sequenceweremutated by
deleting the sequences (50-TAAGTCTGTACATAGTTATCCCAAACA-30 and
50-CAAAATTGGCAGCTAAACGTACCAAAGA-30) by serial recombineering.
All versions of the sens gene were inserted into the same VK37 attP site to
neutralize position effects. A summary of all genotypes used in experiments
is provided in Table S1.Cell 155, 1556–1567, DeSSO Quantitation
For interaction and temperature experiments,
SSO numbers were counted on 50 femalesrandomly chosen from a population. This procedure was replicated three to
four times with independent populations. Replicate means and coefficients
of variation were averaged, and their SEs were corrected for biased underes-
timation due to the small number of replicates (Sokal and Rohlf, 1995). For
selection experiments, SSO numbers were counted on 100 females of the
appropriate genotype that were randomly chosen from the population at
each generation. The mean and error estimates (variance and SE) for each
replicate were kept independent of the other replicates for multivariate regres-
sion analysis (see Supplemental Information). For genomic landscape experi-
ments, SSO numbers were counted on 150–300 females randomly chosen
from a population. The mean, coefficient of variation, and SE were calculated.
This was repeated for four different selected/nonselected pairs of landscapes.
For the experiments with wild recombinant strains, 50 females were scored for
SSOs, and means and uncertainty were calculated for each group.
Selection
Establishment of strains for selection is described in the Extended Experi-
mental Procedures. Replicate populations were grown in uncrowded and
well-fed conditions at a constant temperature of 23C ± 1C. For each gener-
ation, individuals of the appropriate sens or miR-9a genotype were identified
before SSO scoring. Details of how genotyping was performed are described
in the Extended Experimental Procedures. To score offspring with the appro-
priate genotype, a subset of all such individuals in the population was
randomly chosen, and 100 females and 100 males had their SSO number
counted. After scoring, 50 females and 50 males were selected from the
scored groups, and these individuals were used to parent the next generation.
Selection was dictated by ranking of the individuals within the group by SSO
number. For one group, the 50% of scored individuals with highest SSO
number were selected for breeding. For another group, individuals were
randomly selected for breeding. This process of mating-scoring-selecting
was repeated for a total of 5 generations for the sens experiment, and a total
of 15 generations for the miR-7 and miR-9a experiments.
Genomic Landscape Tests
After 15 generations of selection (random or directional), exchange of the sc1
w1118 X chromosome with a sc+ X chromosome was performed by crossingcember 19, 2013 ª2013 Elsevier Inc. 1565
selected males to sc+ y w females that had balanced autosomes. Balanced
offspringwere self-crossed, and F2 sibs weremated to generate F3 individuals
with sc+ y w X chromosomes and autosomes that were derived from selected
ancestors. The F3 individuals were self-crossed to make a pure stock. To
analyze the effect of sens on different genomic landscapes, sc+ miR-9a+ flies
whose ancestors had undergone selection were crossed with flies bearing a
sens transgene on chromosome II and a sensE1 mutant allele on the third
chromosome. We scored offspring bearing one copy of the transgene and
one copy of sensE1.
Wild strains isolated from around the world were obtained fromBloomington
Stock Center and the Drosophila Genetic Resource Panel (DGRP). See Table
S6 for a complete description of the strains. sc1 w1118 ; +/CyO ;miR-9a/TM6B
females were crossed to each wild strain, and backcrossing to the wild strain
was repeated for five generations; each generation selecting for the sc1 w1118 ;
miR-9a/+ genotype. In the generation in which the final backcrossing was
completed, individuals possessed a genome, 95% of which was derived
from the wild strain. These individuals were interbred to form a sc1 w1118 ;
miR-9a/+ recombinant stock, which was propagated for 20 generations to
blend genomes. Sibs weremated, and theirmiR-9a/+ and +/+ female offspring
were scored for SSOs. To estimate the variation among the 32 strains, the
variation coefficient was calculated from the pool of 32 SSO averages.
Temperature Challenge
Nonselected sc1 lines with fixed miR-7,miR-9a, or sens genotypes were sub-
jected to temperature perturbation. Males and females were mated and
allowed to egg lay in bottles at 23C for 3 hr before transfer to fresh bottles.
Bottles with offspring were immediately transferred to incubators set at
18C, 23C, or 29C. All offspring were allowed to eclose into adults before
a sample of 50 females were scored for SSOs. The experiment was repeated
at least three times. DifferentmiR-9amutant alleles (J22 and E39) were tested
with similar results.
Immunohistochemistry
Imaginal wing discs from female white prepupae were fixed in 4% formalde-
hyde in PBS. Discs were washed in PBS plus 0.3% Triton X-100 (PBST) before
incubating in 1:1,000 anti-Sens or anti-Hairy for 3 hr at 23C. Discs were
washed with PBST and incubated for 1 hr with 1:250 Alexa Fluor 488-conju-
gated IgG. Samples were visualized on a Zeiss LSM 510 Meta confocal micro-
scope. Images were taken at 1.0–2.0 mm optical slice widths, and all imaging
parameters were kept constant between sample runs.
Genomic DNA Sequencing
A total of 25–30 frozen virgin female flies were pooled, and their genomic DNA
was prepared bymechanical lysis in PBS, and 0.3mg Proteinase Kwas added
to tubes for 6 hr at 56C. The DNeasy Blood & Tissue Kit (QIAGEN) was used to
purify genomic DNA. DNA was fragmented, and an Illumina TruSeq kit was
used to prepare libraries for sequencing. Library composition is outlined in
Figure S3A. Multiplexed pooled sequencing was performed according to
standard Illumina protocols. Sequence analysis is described in detail in the
Extended Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven
figures, and six tables and can be found with this article online at http://dx.doi.
org/10.1016/j.cell.2013.10.057.
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